The occurrence of thermally induced focal shifts in high power solid state laser cutting applications has been reported. A fraction of laser light is absorbed in transmissive optical elements and at optical surface contaminations, leading to a temperature rise of the optical elements. The object of this study is experimental identification of temperature changes in laser cutting head optics during processing, and development of a novel method utilizing ultrasound to measure the bulk temperature online for every optical element in the cutting head. A thermal model is provided for each optical element and allows to estimate the absorbed laser power, the condition and focal shift of the optics. The novel method is compared to existing techniques using thermopiles as temperature sensors. Our measurement system facilitates a closed loop focal shift compensation control and enables a fast reacting emergency shutdown when the temperature of an optical element reaches a damage threshold. © 2014 The Authors. Published by Elsevier B.V. Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH.
Motivation
In the past years solid state lasers, especially Ytterbium doped fiber lasers, have become increasingly popular for laser cutting applications. Modern 1 μm wavelength fiber laser beam sources capable of delivering Multi-kW continuous wave output power with excellent beam quality and the CO2 laser, which has been an industrial standard for decades for laser cutting applications, complement one another in a beneficial way. The fiber laser enables the cutting of materials typically not feasibly with CO2 lasers, for example the cutting of copper and the safe cutting of brass. In addition the fiber laser is able to cut thin sheet materials faster than a CO2 Laser with equal output power due to the higher absorption coefficient of the 1 μm radiation compared to the 10.6 μm radiation of CO2 lasers. Furthermore are contributing to the success of the fiber lasers their low maintenance requirements, their compact footprint, their high wall-plug efficiency, their power scalability, their good thermal management of the active laser medium and the flexibility for the cutting machine manufacturer because of the fiber-optic laser beam delivery.
While the cutting quality and speed of fiber laser machines are good for thin sheet material, they are yet not satisfying for thick sheet material, leaving this domain to the CO2 laser. The cutting of optically transparent materials like glass, quartz or acrylic is not possible for fiber lasers because of low absorption. Moreover there are some further aspects of fiber lasers preventing them of fully replacing CO2 laser machines. Fiber lasers are rather complex devices because of the challenging pump concepts, numerous fiber splice connections, beam combiners and so on. The durability of such a device for many years is not yet fully proven.
In laser cutting applications a focusing systems, assembled as shown in Fig.1 , is used. Its function is the loss-less delivery of the laser beam to the machining point without affecting beam quality and the focusing of the laser beam onto the workpiece achieving the required power density for the cutting process. In particular the focusing system consists of the following optical components:
• Feeding fiber, which routes the laser radiation from the laser source to the focusing system.
• Fiber outcoupling, where the end of the fiber is usually connected to a cylindrical extraction block made of fused silica.
• Collimator, where the divergent beam leaving the feeding fiber is paralleled. A doublet lens is typically used here, as well as singlets or aspheric lenses.
• Focusing optic, used to focus the collimated beam onto the workpiece. Typically a doublet or singlet lens is used here. The spot size in the focus is related to the core diameter of the feeding fiber and the magnification of the whole focusing system. The magnification is the ratio of the focal lengths of focusing optic and collimator.
• Protection Window, protecting the focusing optic against contamination from the cutting process and secluding the process gas volume. The performance and high beam quality of fiber lasers disclose the limits of conventional focusing systems: The optical elements are typically made of fused silica and have an anti-reflective coatings applied to their surfaces. Although high purity materials are used a small portion of the high power laser beam is absorbed in each optical component and at the anti-reflective coating. This absorption leads to a temperature increase of the optical elements. Dirt particles, dust or sputtered material from the workpiece can boost this temperature increase even more, which has significant impact on system performance. The optical components use their shape and the refractive index of their material to focus the laser beam, but both properties are temperature dependent. As a result, a temperature increase of the focusing system optics leads to a change of the imaging characteristics. A shift of the focus position towards the focusing system and aberration can be observed.
Cooling of the optical elements in the focusing system is generally done over the contact surface between the optical element and its support, which in turn is cooled by water. In addition the protective window is cooled by the process gas. As the cooling is done at the furthermost point from the heat source, which is the middle of the usually round optical elements, there are strong thermal gradients within the optical elements, generating a thermal lens and fortifying the imaging errors of the focusing system. Some research has been done on the effects of high power laser radiation on optical elements. Reitemeyer et al. (2010) examined the effective focal length of the beam emitted by an 8 kW multimode fiber laser. A shift of more than 3.1 mm of the focal plane has been observed, which equals 84 % of the optics Rayleigh length. Herwig et al. (2011) investigated the focal shifts of single lenses at different laser powers. Focal shifts of over 2 mm per lens at 800 W laser power have been reported and attributed to thermal lensing.
As the process windows for laser cutting processes are typically narrow, especially when cutting highly reflective materials like copper, brass or aluminum, these focus shifts can lead to bad cuts or even to a rupture of the cut, resulting in a destroyed workpiece and possibly in damage to the cutting nozzle and protection window.
This shift of the focal plane and the possibility of cutting errors prevent the operation of laser cutting machines without human observation and correction and at full cutting speed. The machine is usually operated at reduced speed used to widen the process window and to reduce the effect of the focus shift.
Our main objective of the development presented here is to achieve a method for measuring the temperature increase of the optical elements online and thus allowing for a calculation of the resulting focus shift. The calculated shift of the focal plane could then be corrected by controlling an adaptive mirror or focal axis at the laser cutting machine. At the current development state, we are measuring the temperature of the collimator doublet and of the protection window only. According to our experience those optical elements are the most prone to contamination and thus having the greatest share of the focal shift. The protection window is constantly polluted during production by sputtered molten metal and the collimator gets contaminated by dust and aerosols leaking through the fiber connector. Additionally, the collimator generally is no user serviceable part and is checked and replaced in long intervals only.
Proposed method for online temperature measurement
The shift of the focal plane is caused by heating of the optical elements in the beam path. Thus the knowledge of the temperature of the optical elements or even more favorable, the knowledge of the temperature distribution inside the optical elements allows for an estimation of the focus shift. First thing coming to mind when thinking of temperature measurements is a simple contact temperature measurement. Because of obvious reasons, it is not possible to place a contact thermometer inside the optical path where the heating of the optical elements takes place. The placement of a contact thermometer at the lateral area of lenses is not promising either, as the lateral areas of lenses are typically used for the cooling of the lenses and are expected to show almost constant temperature.
Another approach to measure the temperature of the optical elements is to determine their emitted thermal radiation which depends on their intrinsic temperature. This approach is state of the art and commonly used in commercially available cutting heads, as thermal radiation detectors are readily available and simple to operate. The main drawback of this approach is the fact that only the temperature of the surface of the optical elements can be observed as it is the source of thermal radiation. The complete optical properties of the optical elements are however determined by the bulk material. What is more is that contaminations on the optical surface might get way hotter than the average surface temperature and outshine it, leading to wrong readings. In addition, a part of the laser radiation might get scattered by surface contaminations of the optical elements or by the cutting process and will heat up the thermal radiation detector or its protection windows, again leading to wrong readings. We could determine this experimentally.
Another approach often described (see for example Ref. (Reitemeyer et al. (2010) ) are camera based solutions using image recognition techniques. These solutions have been reported to allow for precise focal position estimations and detect the focus shift of multiple optical elements in the beam path at once, but generally require additional optical components in the beam path, like dichroitic mirrors or beam splitters to decouple an image of the process. Those measurement systems are more suited for laser welding applications, where camera systems are widespread, than for laser cutting applications, where cost and space requirements are rather tight.
We propose a novel approach, which allows for measuring the bulk temperature of each optical element online. As the speed of sound is a function of temperature in materials used in optical elements, the changes in running time of an ultrasonic wave through an optical element is proportional to the integral temperature of the optical element. For fused silica the longitudinal speed of sound at 20°C is 5999 in acoustic impedance between fused silica and air, an ultrasonic wave gets reflected at the material boarders. It is possible to receive an echo of a transmitted ultrasonic wave at the same point, where the original ultrasonic wave was coupled in the material. As an effect, the change in running time of the echo is twice the before mentioned value. This pulse-echo measurement method is used in the system presented here.
Sub-ns time intervals cannot be measured by digital counters, as in order to achieve a one-ns resolution a counter clock of 1 GHz would already be required. A digital counter is only capable of delivering a coarse time resolution, but several reliable techniques have been developed to measure and digitize time intervals with the required sub-ns resolution (see Kalisz (2004) ). For the measurement system presented here, we have developed a time-to-digital converter (TDC), which converts the pulsed acoustic beam runtime into a digital value. The TDC is of the tapped delayline type and implemented in an affordable, low-end FPGA. The TDC exploits the finite gate propagation delays of the integrated semiconductor gates to measure time in the picosecond range. A high number of gates is connected in series forming a delayline, which is tapped at regular intervals and fed from a reference clock. Each of the taps is connected to a D-type flip-flop. When the flip-flops are triggered by a signal to be measured, they are freezing the current states of the delayline taps. As a reference clock is used as the delayline input, the positions of the clock edges within the delayline are freezed. With the position of the clock edges within the delayline known, the time of arrival within a reference clock cycle of the signal to be measured can be calculated. In conjunction with the before mentioned coarse resolution digital counter, a signal to be measured can receive a unique time stamp with sub-ns resolution. With the low-end FPGA used in the setup described here, a time resolution of 25 ps can be obtained.
The assembly of the proposed method can be seen in Fig. 2 . The patent for this method is pending (see Neumeier (2014)). A temperature measurement cycle, which refers to transmitting and receiving one ultrasonic burst and evaluating the running time of the ultrasonic signal, is triggered by the central control. The central control starts the time-to-digital converter and instructs the beamformer to create an electrical signal, which is amplified by a highvoltage amplifier and converted into an ultrasonic burst by a piezoelectric transducer. The positions of the transducers in the optical assembly can be seen in Fig. 1 . The ultrasonic burst travels through a couplant whose purpose is to match the sonic impedance of the transducer to those of the optical element. The ultrasonic burst then runs through the optical element, gets reflected at the lateral area of the optical element and returns the same way back to the transducer. The mechanical energy of the ultrasound is converted back to an electrical signal at the transducer, which in turn is amplified by a low noise amplifier (LNA). A transmit/receive switch (T/R switch) protects the LNA from the high voltage pulses from the transmit signal. The LNA output is fed in a comparator (CMP) where the signal from the LNA is compared to a reference voltage and is 1-bit digitized. The digitized signal stops the time-to-digital converter. The actual temperature and temperature distribution of the optical element is calculated according to the measured time interval at the timestamp processing unit. A fieldbus interface connects the timestamp processing unit to the Computerized Numerical Control (CNC) of the laser cutting machine and makes the temperatures of the cutting optics available to the CNC.
A measurement cycle can be repeated at a rate of typically 200 Hz. This measurement rate is limited by the time an ultrasonic wave traveling within an optical element needs to decay. As the thermal time constants of a cutting head optics are within a range of seconds, the measured temperatures can be averaged in order to filter out random noise. 
Experimental identification of temperature changes in laser cutting head optics
The proposed temperature measurement setup was adapted to fit a Precitec HPSSL cutting head. The cutting head had an optical setup similar to Fig. 1 but with a 45°tilted mirror inserted between the collimator and the focusing unit in order to reduce building space. A focal length of 100 mm for the collimation unit and 200 mm for the focusing unit leads to a magnification of M = 2. Measurements were done for the collimator doublet and for the protection window. A drawing of the cutting head with added modifications can be seen in Fig. 3 . The beam source used for the reported work was an IPG 2 kW multimode fiber laser with a 50 μm feeding fiber. Temperature samples were measured at a rate of 100 Hz, averaged over the last 100 samples and down-sampled at a factor of 10 for recording of the samples. The laser beam was absorbed in a water cooled beam dump beneath the cutting nozzle. Figure 4 shows temperature trends measured at used, but clean collimator lenses. Temperature recordings were done for laser powers of 1 kW and 2 kW. The laser source was active for 10 min. It can be seen that the temperatures of both lenses do not diverge, suggesting that the absorbed laser power of the lenses was almost identical. It can also be observed that the clean collimation lenses have not reached a steady state after 10 min. Especially the temperatures at 2 kW of laser power are expected to have reached over 60°C if the laser was not switched off. A small ringing of half a degree peak-to-peak can be seen in the temperature trends. We expect interferences of the ultrasonic wave within the lens material as the source of this ringing. The ultrasonic waves are diverted at the curved surfaces of the lens and travel in slightly differing directions of propagation. As the ultrasonic waves are coherent, they are able to interfere with each other. Those interferences can't be observed in the temperature readings of the protection window sensor (see below), as the surfaces of the protection window are flat. Figure 5 shows temperature trends of slightly dirty collimation lenses with contamination on all surfaces which result from improper handling. The contamination consisted mainly of fine scratches and fine dust. Temperature recordings were done for laser powers of 1 kW and 2 kW. The measurement had to be interrupted premature in both cases, because of over-temperature alerts of the distance sensor. Apparently the fine scratches on the surface of the lenses generated massive stray radiation, which heated the bottom of the cutting head. The slopes of the temperature recordings are approximately three times as high as those in the recordings of the clean lenses in Fig. 4 , indicating higher absorbed laser power and poorer condition. Again, the temperatures of the two lenses do barely diverge, denoting an identical contamination level. Fig. 4 . Temperature trend of a clean collimator doublet. Laser power was P = 1 kW and P = 2 kW for 10 min. Figure 6 displays temperature recordings at 1 kW and 2 kW of laser power of a collimator doublet with a small metal particle applied to the meniscus lens. The artificial contamination was positioned in the middle of the surface showing in the direction of the feeding fiber. The laser source was active for 7 min. A contamination consisting of a few single burned-in particles is a typical defect seen in collimation units of production cutting machines. Hence, this experiment can be considered to depict the harm happening to the collimator in production machines quite realistic. The damaged lens can clearly be distinguished from the clean lens in the temperature readings, as its temperature is more than 20°C higher after 7 min exposure to 2 kW of laser power. In addition, it can be seen that the lenses of the collimator doublet are hardly thermally coupled, as the temperature rise of the clean biconvex lens is the same as in Fig. 4 . Fig. 6 . Temperature trend of a single spot contamination on the meniscus lens of the collimator doublet. Laser power was P = 1 kW and P = 2 kW for 7 min. Figure 7 shows temperature trends of the spot-contaminated collimator from Fig. 6 during a simulation of a cutting process. The laser power was 1 kW and 2 kW. The cutting operation was simulated by pulsing the laser with a continuous rectangle signal with 3 s on-time and 3 s off-time for 2 min. The laser was switched on at around t = 6 s. The heating (laser on) and cooling (laser off) phases can be identified in the plot. After 10 sec of laser operation (t = 16 s in the plot), the temperatures of both lenses differ more than 3°C. This discrepancy in temperature rise is an indicator of a significant contamination of the collimator. Fig. 7 . Temperature trend of the collimation lens doublet with a single spot contamination on the meniscus lens. Cutting was simulated by pulsing the laser with a continuous 3 s on and 3 s off cycle. Laser power was P = 1 kW and P = 2 kW for 2 min Figure 8 shows temperature trends of a clean protection window measured with 1 kW and 2 kW of laser power. Laser radiation was enabled for 10 min, process gas flow was Nitrogen at 1 bar. A stable temperature is reached after 30 s. The source of the jumps in the temperature trend of the measurement with 2 kW is unclear but could result from process gas temperature fluctuations. Figure 9 displays recordings of a used protection window with a small spot of molten metal in the middle of the window at laser powers of 500 W and 1 kW. Process gas flow was Nitrogen at 1 bar. This type of contamination is a typical defect of protection windows used in production. Stable temperatures were reached in under a minute. Compared with the recordings seen in Fig. 8 , the temperatures rise to a level 10 times higher, obviously indicating severe contamination. 
Evaluation of the collimator sensor

Evaluation of the protection window temperature sensor
Thermal model
A thermal model for calculating the temperature distribution inside the lenses and the protection window measured is included in the time processing unit of the measurement setup according to Fig. 2 . The optical components are modeled as cylinders which are sub-divided into elements. These elements are formed by dividing the cylinders into concentric cylinders, which in turn are divided along the axial and perimeter direction. A finite element method is used to determine the temperature of each element. Thermal parameters have been identified experimentally. The ultrasonic temperature sensors provide average temperature values of the bulk materials of the optical elements. In addition with the optical elements history, the thermal model is able to provide temperature distributions along several layers within the optical elements and calculates the absorbed laser powers of the optical elements. Furthermore the thermal model computes the temperatures of the surfaces of the optical elements and considers the heating from surface contamination and the cooling effect of the process gas in case of calculations for the protection window. Those informations can be used to identify the actual focus of the optical elements and to compensate for an eventual shift of the focal plane in a closed-loop control. An example of the output of our thermal model is shown in Fig. 10 . Fig. 10 . Temperature distribution inside a clean protection window according to our thermal model with a laser diameter of 5 mm. The model calculates temperatures along layers within the window and the temperatures of the surfaces. The cooling effect of the process gas can be seen in a lower temperature of the lower surface compared to the upper surface, which is not actively cooled.
Conclusions
A novel method for an online temperature measurement of optical elements in laser cutting head optics was proposed and experimentally proven for both collimator lenses and for the protection window under typical production conditions. It is based on coupling ultrasonic waves into the glass body of the optical elements and evaluating the ultrasonic echo with regard to the running time of the ultrasonic waves in the glass body. As the speed of sound in solid materials is temperature dependent, the bulk temperatures of the optical elements can be determined. The proposed measurement system includes a thermal model of the optical elements and calculates the temperature distributions inside the optical elements taking into account their actual temperature and their history.
All types of contamination on the optical elements can clearly be seen in the measured temperature trends, as contaminated lenses and windows show a higher slope in their temperature rise and a higher steady state temperature. In a simulated cutting operation, a contamination endangering the cutting process could be detected within 10 seconds, thus preventing a possible loss of cut. Moreover our measurements indicate that a typical collimation unit does not reach a stable operating temperature within minutes, but rises constantly in temperature. Therefore the actual temperature of the collimator is expected not only to depend on its contamination level but also strongly on its history. This precludes an open-loop compensation of the collimator-induced focus shift. The proposed temperature measurement system could deliver input parameters for an accurate closed-loop focus shift compensation
